Abstract. Transient-liquid-phase (TLP) joining and liquid-film-assisted joining (LFAJ) exploit thin metallic films that melt at relatively low temperatures as part of a multilayer, multimaterial interlayer to enable joining at reduced temperatures. These methods are attractive for assemblies that include temperature-sensitive components, however, unlike conventional low-temperature joining methods, they also offer the potential for service at temperatures approaching or even exceeding the original joining temperature. In successful TLP joining and LFAJ, the wetting behavior of the liquid plays a critical role. In TLP joining, the liquid ultimately disappears during joining due to interdiffusion and chemical homogenization. In contrast, in LFAJ the liquid persists at the joining temperature, provides a high-diffusivity transport path that accelerates joint formation, and ultimately undergoes a morphological transition that disrupts the initially continuous film. The resulting isolated liquid droplets solidify on cooling. Current studies of these joining methods are described, and promising future directions are indicated.
Introduction
Joining is critical to the fabrication of structures and devices for use in aerospace, biomedical, chemical, electronic, mining, and other applications. Ideally, joining enables the fabrication of large, complex, multimaterial, multifunctional assemblies with novel or enhanced properties through the controlled integration of smaller, less complex, more easily manufactured parts. Joining also has the potential to allow repair of damaged structures through the replacement of defective components, thereby extending assembly lifetimes, and permitting the reuse of costly nonrecyclable components, e.g., fiber-reinforced materials. The beneficial economic and environmental impacts are obvious.
Microstructural and associated property degradation are important considerations in joining. Components can be temperature-sensitive due to extremely fine-scale structures (e.g., dispersionhardened alloys and other nanoscale microstructures) that degrade or coarsen during high temperature exposure, or due to components that decompose or degrade above specific threshold temperatures (e.g., glassy metals and polycrystalline diamond coatings). Such components must often be integrated into functional assemblies, and could see service at temperatures approaching these threshold temperatures. These characteristics create an extremely difficult joining problem, one that can impede the development of assemblies with novel combinations of materials and functionality. High-temperature joining processes degrade the materials and can amplify thermalexpansion-mismatch stresses. Methods of joining based on brazing or soldering just below the threshold temperature result in an interlayer that softens well below the threshold temperature, increasing the likelihood of ductile failures during use. Strategies that exploit a transient-liquid phase (TLP) or in which a thin liquid film assists in the joining process to reduce the joining temperature (LFAJ) seem ideally suited for such challenging situations.
Our research focuses on developing joining methods that yield reliably strong interfaces at "low" joining temperatures, but exploit multilayer interlayer designs that preserve the potential for use at temperatures that equal or exceed the joining temperature. A schematic example of the initial interlayer configuration is shown in Fig. 1a . The cladding layers are designed to form thin liquid layers at temperatures that are "low" relative to the melting point of the core layer, which remains solid during joining. In TLP joining, the overall composition of the interlayer lies in a solid-solution phase field, and the liquid disappears with time due to interdiffusion, as illustrated in Fig. 1b . The (transient) liquid is designed to fill interfacial gaps and facilitate joint formation. The remelt temperature of the homogenized interlayer exceeds the original joining temperature. Alternatively, the liquid film can be chemically stable but morphologically unstable. In this case, a thin liquid film interspersed between a ceramic and a solid metallic core layer acts as a solvent for the core-layer material, provides a high-diffusivity pathway for the core material, and can promote rapid development of intimate contact between the ceramic and core-layer metal. Growth of ceramic-core layer contact progressively decreases the area fraction of liquid along the interface, resulting in a dispersion of discrete liquid droplets along the core layer-ceramic interface that solidify during cooling, as illustrated in Fig. 1c . This approach is referred to as liquid-film-assisted joining (LFAJ).
In this paper, we summarize ongoing efforts to extend the TLP method to lower temperatures by combining low-melting-point (<450°C) cladding materials such as In with commercial reactivemetal brazes to allow joining at temperatures below the normal brazing temperature. We also describe recent LFAJ work on joining Al 2 O 3 to Nb core layers using Cu films. Effects of joining temperature, time, film thickness, and surface roughness on joint properties are presented. Finally, we provide some results of our most recent work, in which LFAJ has been applied to an exciting new interlayer system with the potential for substantially reduced processing times.
Background
Numerous reviews of the more commonly used joining methods-diffusion bonding and brazing-are available in the literature [1] [2] [3] [4] [5] [6] [7] [8] , and both the general literature [9] [10] [11] [12] [13] [14] [15] [16] [17] and our prior publications [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] have discussed basic elements of TLP bonding.
For both TLP and LFAJ methods, successful joining requires that intimate contact develop between the materials to be joined. In solid-state processing, contact growth may occur by plastic deformation (especially if a metal is involved), by diffusional transport, or some combination of the two (as in ceramic-metal joining). In liquid-state processes such as brazing and soldering, a sufficient amount of liquid with appropriate wetting characteristics is necessary. The contact angle(s) of the liquid must be sufficiently low to drive the flow of liquid into interfacial gaps and surface depressions to provide a relatively flaw-free interface. The surface topography affects the extent of deformation or the integrated diffusional flux required to remove gaps in diffusion bonding, and impacts the minimum amount of liquid required to completely fill interfacial gaps in brazing or soldering. Since brazing foils are generally >10-!m thick, liquid-state processing generally imposes less stringent demands on surface preparation. Since deformation is not required, brazing also requires lower bonding loads, and is more rapid. Once contact is achieved, strong adhesion between the joined materials along the bond plane is desired. When unit area of bonded interface is destroyed to form two unit areas of surface, it is desirable to maximize the associated energy increase. A lower limit on this energy increase is the thermodynamic work of adhesion, which considers only the (reversible) interfacial energy changes. In ceramic-metal systems, plasticity in the metal and pullout of ceramic grains can result in a work of fracture that substantially exceeds the thermodynamic work of adhesion [34] [35] [36] .
Adhesion is highly sensitive to the nature of the two materials brought into contact, and can be strongly influenced by trace impurities [37] . Impurities can also cause the formation of interphase layers that can have detrimental effects, as in the case of spinel films at Ni/Al 2 O 3 interfaces [38, 39] , or beneficial effects, such as those due to reactive-metal additions (generally Ti) in brazes [40] . In systems with more complex bond-plane microstructures, such as those that develop in LFAJ, the area fractions of different interface phase pairs can affect the joint properties [31] .
In heterophase assemblies, the joint region is generally subject to stress during cooling due to differential thermal contraction. Minimizing these stresses can involve the selection of interlayers or brazes that match the thermal expansion of the materials being joined, e.g., Nb and Al 2 O 3 . Alternatively, ductile interlayers can be used that accommodate the thermal-expansion mismatch by plastic deformation, e.g., the family of brazes based on the Cu-Ag eutectic.
The multilayer interlayers used in TLP bonding and LFAJ are designed to form a thin liquid layer between the adjoining higher-melting-point, solid, metallic core layer and the ceramic at the bonding temperature. In both cases, the liquid must have appropriate wetting behavior on the two adjoining materials (the core layer and the ceramic) to allow for interfacial gap filling. For a liquid sandwiched between two flat and parallel surfaces, the sum of the two contact angles is critical. In Fig. 2a , a film is shown between two dissimilar substrates. The contact angle on the core layer, ! 1 , is acute, as would normally be the case for a metal on metal, while the contact angle on the ceramic, ! 2 , is obtuse, as would normally be the case for nonreactive metals. The liquid film will fill the void if ! 1 +! 2 < 180 o . A liquid metal with ! 2 > 90 o sandwiched between two ceramic substrates, would "dewet" the interface, introduce significant porosity, and lead to nonhermetic low-strength joints. Thus, one of the advantages of a multilayer interlayer approach is that a high contact angle on the ceramic is permissible, provided that the contact angle on the metal is sufficiently low.
Assuming a sufficient amount of liquid is available, when ! 1 + ! 2 < 180 o one expects interfacial gaps to be filled with liquid, and an essentially continuous liquid film to form. It is at this stage that the paths of interfacial microstructure evolution in TLP bonding and LFAJ diverge. In TLP bonding, the interlayer design involves a liquid former that has substantial solubility in the core 
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layer. As a result of solid-state interdiffusion, the amount of liquid decreases with time. Diffusion of the cladding material into the core layer and counterdiffusion of alloying elements in the core layer will eventually homogenize the interlayer, and can bring to the interlayer/ceramic interface elements that affect the interfacial chemistry and adhesion. In the work to be described, In serves as the low-melting-point liquid, and Ag-rich or Cu-Ag eutectic-based alloys serve as the solvent for In. In contrast, when the solubility of the low-melting-point component in the core layer is negligible, the liquid serves primarily as a solvent for the core-layer material, and provides a highdiffusivity path for its redistribution. One expects that the flux of core-layer material within the liquid film will scale with a liquid diffusivity-solubility product. If ! Core/Ceramic < ! Core/ Liq + ! Liq /Ceramic it is energetically favorable to break up the liquid film and form discrete particles, as shown in Fig. 1c and 2b. This "dewetting" of the film does not involve the generation of interfacial voids. Instead, the retraction and instability of the liquid film is accompanied by the growth of core layer-ceramic interface. When joining Al 2 O 3 with Cu/Nb/Cu interlayers, the liquid Cu etches grain boundaries in both Nb and Al 2 O 3 , and for diffusional growth of the grain-boundary grooves, ridges form that extend above the original surface and whose height increases with time. Since the liquid films are quite thin, and the core layer-ceramic separation distance varies along the interface, the ridge crests ultimately contact the adjoining phase and grain-boundary grooving initiates core layer-ceramic contact. In parallel, Nb-Al 2 O 3 contact can also initiate where asperities on either the Nb or Al 2 O 3 surfaces have sufficient height to bridge the liquid film. Thus, multiple mechanisms can contribute to film dewetting and contact formation, complicating modeling. Surface roughness will impact the energetics of liquid redistribution in both TLP bonding and LFAJ. If local depressions on the opposing core layer and ceramic surfaces cause angular deviations of ! 1 and ! 2 , respectively, from the parallel surface geometry assumed in Fig. 2a , then flow of liquid into voids will only occur if a more stringent condition, (! 1 + " 1 ) + (! 2 + " 2 ) < 180°, is met. Since ! 1 and ! 2 can vary as the surface orientations and surface energies of the core layer and ceramic grains vary, and ! 1 and ! 2 will vary with location along the interface, the potential exists for some regions of the interface to have unfavorable wetting conditions/energetics. A rougher surface with locally larger values of ! 1 and ! 2 would be more likely to contain voids that persist or develop during liquid flow. As the roughness increases, one can also foresee situations in which the condition, (! 1 + " 1 ) + (! 2 + " 2 ) < 180°, is met but there is simply insufficient liquid to fill all interfacial gaps. Thus, roughness has the potential to impact the ability to form defect-free, wellbonded interfaces, and to introduce variability in mechanical properties.
TLP Bonding
The majority of our prior TLP bonding work has involved Ni, Pt or 80Ni20Cr core layers with melting/solidus temperatures ! 1400°C, and Cu or Cu alloy cladding layers (liquid formers) with melting or liquidus temperatures <1100°C. As a result, joining temperatures have been in the 900-1150°C range, yielding homogenized interlayers with solidus temperatures ! 1350°C. The majority of this work, involving the joining of Al 2 O 3 , Si 3 N 4 , and SiC, has recently been reviewed [41] , and several general observations emerge. First, it is often possible to produce bonded specimens with fracture strengths approaching those of the monolithic ceramic. Second, it is difficult to achieve such strengths uniformly and consistently for some interlayer designs, and for such designs, the Weibull modulus for joined assemblies is noticeably lower than that of the ceramic itself. Third, the inclusion of reactive metals or other less potent additives that decrease ! 1 + ! 2 can lead to consistently high strengths and a Weibull modulus matching that of the base ceramic. The coupling of these observations and an interest in extending the TLP approach to lower temperatures inspired efforts to utilize commercially available, widely utilized, reactive-metal brazes as the core layer in conjunction with cladding layers having melting temperatures characteristic of solders (<450°C).
Research has focused on joining polished, 20 mm ! 20 mm ! 20 mm blocks of a 99.9% pure (SSA-999W, Nikkato Corp., Osaka, Japan) Al 2 O 3 using Ag-based, Cu-based or Cu-Ag eutectic-based brazing foils with Ti additions as core layers, and In, which melts at 156.6°C, as cladding layers. In this paper we focus on work using Ag-ABA™ (97.75% Ag, 1% Al, 1.25 % Ti; 75-!m thick) and Cusil-ABA™ (63% Ag, 35.25% Cu, 1.75% Ti; 50-!m thick) core layers with ! 2-!m thick In cladding layers, and Incusil-ABA foils (59% Ag, 27.25% Cu, 12.5 % In, 1.25% Ti; 50-!m thick) which were used in reference brazing experiments; all compositions are in wt. %. The solidus and liquidus temperature pairs are 860°C and 912°C for Ag-ABA, 780°C and 815°C for Cusil-ABA, and 605°C and 715°C for Incusil-ABA. Indium additions reduce the processing temperature but also the temperature capabilities of joined assemblies relative to Cusil-ABA. Our work was thus focused on exploring the impact of In claddings on Ag-ABA and Cusil-ABA as a route to combining a low joining temperature with a temperature capability more like that of the In-free alloys.
Bonds made using Cusil-ABA were processed at 500°C for 24 h, at 600°C for 1.5 h and 24 h, and 700°C for 1.5 h, 6 h, and 24 h. Samples bonded with Ag-ABA were processed at 700°C for 1.5 h, 6 h, and 24 h, and at 800°C for 6 h and 24 h. An applied pressure of 4.6 MPa was used for all bonds. Samples for mechanical testing were prepared by first sectioning the bonded blocks into plates, and then subsequently into beams !3 mm " !3 mm in cross section and !4 cm in length with the metal interlayer at the beam center. These beams were subjected to room-temperature four-point bend tests. Since the solidus and liquidus temperatures of Ag-ABA are higher than those of Cusil-ABA, the bonds made with Cusil-ABA at 500°C and 600°C and with Ag-ABA at 700°C are compared in Fig. 3a , while those made at the higher temperatures are compared in Fig. 3b . Following trends in prior studies, joint strengths approaching those of the bulk reference ceramic were obtained, and some test specimens failed in the ceramic rather than in the joint region. For all bonding conditions, the average strength exceeded 200 MPa. However, as also seen previously, there is a significant scatter in strength, with failures along the interlayer-ceramic interface often occurring at low stress. This reduces the Weibull modulus, and suggests that interlayer design modifications (e.g., involving increased Ti levels in the core or cladding) that reduce the contact angle(s) of the liquid are needed.
Microstructural and microchemical characteristics of an In/Cusil-ABA/In interlayer are shown in Fig. 4 . Both EDS and EPMA analyses show the compositional variations expected in a multiphase microstructure. EPMA reveals that In is uniformly distributed throughout the Ag-rich matrix after 1.5 h at 700°C, indicative of liquid disappearance and full homogenization. Shorter bonding times are possible. Cu-rich particles were too small for reliable In analysis; the larger residual Cu-Ti-rich particles contain virtually no In. Neither EDS nor EPMA were able to confirm a Ti-containing reaction layer near the metal-ceramic interfaces. In contrast to the situation in brazing, where all the Ti in the interlayer is available to react at the braze-ceramic interface, in the present case only a fraction of the Ti is incorporated into the In-based liquid film. It is plausible that the amount of Ti dissolved during partial dissolution of the core layer is insufficient to produce wetting behavior comparable to that of commercially available reactive-metal brazes. In addition, the braze foil microstructure shows that the Ti is localized in Cu-rich particles within the interlayer (see analysis of points 4 and 5 in Table 1 ). Where near-surface particles containing Ti are dissolved, localized removal of Ti by reaction at the braze-ceramic interface may compete with diffusional redistribution of Ti parallel to the liquid film-ceramic interface over interparticle separation distances of perhaps tens of microns. A TEM-based study of the interlayer-ceramic interface will be necessary to establish whether thin and spatially inhomogeneous reaction layers form. We speculate that limited and spatially nonuniform dissolution of the Ti-containing particles may cause variations in the extent to which Ti improves the wetting behavior and adhesion, and thereby contribute to the nonuniform fracture strengths, and episodic interfacial failures at low stress.
LFAJ
The majority of our work on LFAJ has focused on Cu/Nb/Cu interlayers [30] [31] [32] [33] 42, 43] . Polycrystalline (99.5% and 99.9% pure) Al 2 O 3 , as well as sapphire substrates (99.994% pure) were bonded using multilayer Cu/Nb/Cu interlayers with Cu layers ranging from 0 to 5.5 !m thick, and a 99.99%, pure 127-!m-thick Nb foil. Al 2 O 3 substrate surface finishes ranged from a mirror-smooth optical finish to an "as-ground" finish produced by a 400-grit wheel on a surface grinder. Samples for mechanical testing were bonded at 1400°C in a vacuum hot press with a 2 MPa load applied for 6 h; beams !3 mm " !3 mm in cross section and !4 cm in length, with the metal interlayer at the beam center, were prepared and tested. Sapphire samples were bonded at 1150°C, and annealed at
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either 1150°C or 1400°C to allow nondestructive examination of the interlayer/sapphire interface using optical microscopy. Cross-sections normal to the bond plane were prepared from samples spanning the full range of purity, and examined using optical microscopy, SEM, and TEM [43] . Dewetting of the liquid film during bonding is an essential element of LFAJ. To better understand the mechanisms and kinetics of dewetting and Nb/Al 2 O 3 contact growth, experiments using optically transparent sapphire as a surrogate for polycrystalline alumina were conducted. Fiducial marks were introduced on the outer surfaces of sapphire/Cu/Nb/Cu/sapphire assemblies to mark specific regions of the interlayer/Al 2 O 3 interface. At elevated temperature, the area fraction of Nb/Al 2 O 3 contact increases with time, converting the initially continuous Cu film into isolated Curich droplets that solidify on cooling. Fig. 5a is an optical micrograph of an interlayer-sapphire interface showing partial disruption of the Cu-rich film. By examining the same regions after a sequence of anneals at either 1150° or 1400°C, and measuring the area fraction of Nb-sapphire interface as a function of time, it was possible to assess the dewetting kinetics; Fig. 5b summarizes the results of numerous measurements spanning multiple locations along the interlayer-sapphire interface. Note that the area fraction of Nb/sapphire contact ultimately exceeds 90%. TEM measurements [43] have shown that direct contact develops between Nb and Al 2 O 3 .
Joints produced using Cu/Nb/Cu interlayers have attractive mechanical properties at both room temperature and at elevated temperature [33, 42] . Fig. 6 shows the room-temperature strength distribution that results when polished substrates are bonded at 1400°C with an optimum-thickness Cu film, and compares the results to those obtained when as-ground 99.5% Al 2 O 3 substrates are used. Under optimized conditions, the average strength of bonded samples was a high fraction of the average strength of the unbonded reference Al 2 O 3 , !75% of the bonded samples failed in the ceramic, and the Weibull modulus (14.9) was comparable to that characteristic of the unbonded reference Al 2 O 3 (13.8). When as-ground substrates are used, the beneficial impact of liquid films remains pronounced (see data for the unpolished diffusion bond in Fig. 6 ). Although the average strength and Weibull modulus decrease, and interfacial fractures become more prevalent relative to an optimized joint, the changes are relatively modest, and thus, the use of as-ground substrates may be possible. Furthermore, with less aggressive grinding, the differences in fracture characteristics between joints prepared with polished and as-ground substrates may well be reduced.
The results of Fig. 5b indicate the beneficial effect of increasing temperature on the evolution rate. Increasing the bonding/anneal temperature raises the product of the Nb solubility and Nb diffusivity in the Cu-rich liquid and thereby the rate of Nb redistribution. These observations suggested that the design of interlayers in which the core-layer solubility in the liquid is very high could be of considerable utility. Due to the increased dissolution of the core layer, thinner cladding layers would be needed to achieve a given liquid-film thickness, and in conjunction with a high diffusivity in the liquid film, would imply very rapid growth of core-ceramic contact area. A comparison of the behavior expected from Ni/Nb/Ni and Cu/Nb/Cu interlayers revealed interesting differences that we assumed would impact LFAJ. The equilibrium phase diagram for the Ni-Nb system suggests that the liquid phase in equilibrium with the Nb core layer would contain >50 at. % Nb at 1400°C. In contrast in the Cu-Nb system, the liquid phase in equilibrium with the Nb core layer will contain <2 at. % Nb at 1400°C. Thus, assuming that the diffusivity of Nb in the two liquids is comparable, a significant decrease in processing time requirements was expected.
Initial bonding experiments at 1400°C using ! 2-!m-thick Ni films, 127 !m-thick Nb foils, and polished Al 2 O 3 blocks have produced very promising results [44] . All beams prepared from assemblies bonded using this interlayer system have failed in the ceramic, exhibited high fracture strength, and for all bonding cycles explored to date, the Weibull modulus matched that of the base ceramic. Even the shortest bonding cycle (30 min at 1400°C) was sufficient to produce beams that exhibited purely ceramic failure. Isothermal holds of even shorter duration may be sufficient. This system is currently under intense study, and the development of a full understanding of the nature of the interlayer-ceramic interfacial microstructure and its evolution, together with study of the wetting of Ni-Nb liquids on Al 2 O 3 may provide insights that facilitate the design of other similarly useful LFAJ interlayers.
Summary
TLP joining and LFAJ are two complementary reduced-joining-temperature routes to producing robust joints with potential for service at high fractions of the original joining temperature. Core layer and interlayer microstructure and design, and their consequences with regard to wetting and liquid redistribution play a major role in determining the success of the process. Work on TLP bonding using commercial reactive metal bonds suggest that although joining temperature reductions and high joint strengths are possible, microstructural modification of the core layers may be required to produce joints with consistently high strengths. Work on LFAJ has shown that the process is tolerant of as-ground surfaces, and can produce joints with an attractive combination of mechanical properties. Guided by results from the Cu/Nb/Cu system, initial results using Ni/Nb/Ni interlayers suggest that processing times more normally associated with brazing are possible.
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